DECLAIMER
Portions of this dormment m y be iliegible in elecsOnic image products.. Images are produced from tbe best available original docnutent, those for PuSiO, (Pu-zircon). Furthermore, since the foremost concern in plutonium processing is the potential for contamination release, this work emphasizes the development of process parameters, using zircon first, to anticipate potential material problems in the containment system for reaction mixtures during processing. Stoichiometric mixtures of Zro, and SiO, , in hundred-gram batches, have been subjected to hot isostatic pressing (HIP) at temperatures near 1500OC and pressures approximately 10,000 psi. The product materials have been analywl by x-ray powder diffraction, and are found to consist of zircon after approximately two hours of reaction time. From this work, it is clear that the fabrication of large quantities of Pu-zircon is feasible. The most notable result of this work is evidence for the existence of container problems. This result, in turn, suggests potential solutions to these problems. Experiments with the quartz inner container, the glass sealant, a sacrificial metal barrier, and a metal outer container are being investigated to mitigate these potential hazards.
Background and Research Objectives 9
Zircon, due to its well-known long-term durability (-10 years) in the geologic environment, has been proposed [ 11 as a host medium for storage of Pu and other actinides recovered from dismantled nuclear weapons. Much is known about the structure (I4l/amd; 254) of this single-phase mineral and its homologs (e.g. Hf, Th, Pa, U, Np, Pu). It is clear that zircon-type orthosilicate structures can accommodate metal cations having radii both smaller and larger than that of the Zr ion in zircon. Natural zircon has been found to contain approximately "Principal investigators, email: kck@lanl.gov and jhuang @lanl.gov 5000 ppm of U and Th. Some of the cations found in natural zircon (e.g., Gd, Hf) are strong absorbers for thermal neutrons. Laboratory scale samples of zircon doped w i t h up to 10 wt.% of Pu have been prepared [2] for conducting accelerated tests on the effect of radiation damage on the structure and property changes and the phase stability in simulated geological conditions. Furthermore, small samples of pure PuSiO4 have been prepared [3] , which suggests that it is possible to substitute Zr with more than 10 wt% of Pu. From the point of view of nuclear waste minimization, it is desirable that the upper limit of Pu solubility in zircon be determined. While exploring the potential for increasing the Pu loading in zircon, the issues of criticality safety need to be investigated so that the optimum waste form can be determined.
Various methods for synthesizing laboratory quantities of zircon have been investigated [4, 5] . However, simultaneous application of high-temperature and high-pressure to enhance the solid state reaction has not been attempted, especially for zircon doped with large quantities of PLL With the existing equipment, such as the hot press and hot isostatic press in the Plutonium Facility, LANL is in a good position to develop the technology for large-scale fabrication of Pu-bearing zircon and, therefore, provide the nation with an alternative solution to the nuclear material disposition problem.
Our aim was to obtain the following information, which is essential to large-scale fabrication of Pu-bearing zircon: 1) the process parameters for large-scale fabrication of zircon with desirable Pu-loading and 2) the solubility limit of Pu in zircon. This information is important from the standpoint of waste volume minimization.
2.
Importance to LANL's Science and Technology Base and National R&D
Needs
Although several methods for synthesizing small quantities of Pu-bearing zircon have been investigated, large scale fabrication based on the simultaneous application of high-temperature and high-pressure processing conditions has not been attempted. The success of this work will allow us to address the technical problems related to short-term and long-term storage of weapons nuclear materials. The result of this effort will enhance the Laboratory's capability for solving plutonium disposition problems.
. Scientific Approach and Accomplishments

I. Auuroach
Since the main objective of this work is to investigate the feasibility of large scale fabrication of Pu-bearing zircon, it is of utmost importance to be able to achieve this goal without contamination release to the work environment. Therefore, the approach taken in this work is to use the synthesis of zircon to explore potential problems in the containment of materials during processing. Furthermore, since PuO, is thermodynamically less stable than ZrOz, the processing parameters developed for the synthesis of zircon would be applicable to those for Pu-zircon.
The process to be used is hot isostatic pressing (HIP). The equipment provides high temperature in the reaction chamber through resistively heated graphite heating elements. It provides high pressure by compressing inert argon gas supplied from gas cylinders to the reaction chamber. The material to be "hipped" is contained inside compressible containers, typically fabricated from thin metals, and is compressed with equal force from all directions.
For "hipping" zircon, a container made of high melting refractory metal is desirable. However, most metals are thermodynamically unstable, (and the more so the higher the temperature), with respect to the formation of their oxides. Since the starting materials for zircon are oxides, the oxidation of the container materials is inevitable, unless some sort of barrier (inner container) is provided to separate the reaction mixture from the metal container. But this inner container must also be compressible as well as chemically inert to the reaction mixture.
developed for packaging the reaction-mixturdcontainer assembly. First, the powder mixture has to be loaded into the inner container inside a glovebox. Then, for safety reasons, the container has to be assembled and sealed without the use of excessive heat, for example, from a hydrogedoxygen flame. Thereafter, this inner container will be transferred from a glovebox into the "cold" outer metal container in an introductory hood with the outer container maintained free of contamination.
The metal container will then be welded in a separate "cold" TIG welding hood. Finally, the outer container has to maintain its integrity after the processing, otherwise the process equipment contained inside a hood will be contaminated.
In anticipation of fabricating Pu-zircon at the Plutonium Facility, some schemes need to be Based on these criteria, tantalum is chosen for the outer container, and quartz the inner one.
Tantalum is chosen based on its high melting point of 3017 OC, its availability, and its relative ease of welding. The choice of quartz is based on the known phase behavior of the ZrOJ SiO, system.
The phase diagram of this system indicates that zircon does not form any compounds w i t h Si0,i.n the temperature range of interest. Furthermore, quartz softens at temperatures above 1200°C, and, therefore, can be compressed. Nevertheless, the potential for reactions among Ta, ZrO, and SiO, still exists. Based on this containment system, the range of temperature, pressure, and time Will be explored to provide a reasonable processing scheme.
TI. Experimental
Materials. The zirconium oxide was obtained from Teledyne Wah Chang Albany. This crystal grade material (Lot No. 275) has higher than 99% purity and was used as purchased. The silicon oxide is floated silica powder (Lot No. 942673A) purchased from Fisher Scient&, with unspecified purity. Both materials were subjected to particle size analysis using a stack of 2.25 inch ID disposable nylon sieves ranging from 100 mesh to 400 mesh.
To determine the amount of material that can be loaded into a container of given size, the tap density of each powder was measured. To homogenize the reactants, equimolar mixtures of ZrO, and SiO, were loaded into disposable plastic mill jars, which have built-in baffled walls. The mill jar was inserted into a chromed steel sleeve and the assembly was placed on the rollers of a Labmill-8000 (Cole-Parmer) mixer. The material was mixed at a rotational speed of 136 rpm for two hours.
Containers. The quartz containers were fabricated from two (one male and one female) size 29/42 ground quartz joints, purchased from Quartz Scientific, Inc.. The female part has 26 mm inside diameter and is 8.5 cm long providing an internal volume of approximately 45 cm3 .
The tubing of the male part is cut and made into a lid for the container.
was discovered that a commercial glass paste, PK-1015, available from Vitta Corporation, can serve the purpose. This material is a pure borosilicate glass with a low thermal expansion coefficient. Applied in thin layers, it can join the quartz parts without any stress due to mismatch of thermal expansion. This paste eliminates the direct fusing of quartz parts, which necessitated very high temperatures of approximately 1800°C. After the sealing is completed, a hermetic seal is obtained between the quartz parts. This material has been tested successfully at our glass shop and used routinely. The tantalum containers were purchased from Reliance Metalcenter in the form of tubings and thin sheets. The former have 1.5 inches outside diameter and are 5 inches long. Both the tubings and the sheets are 0.020 inches thick. The sheets are cut to proper size and spin-formed into shallow cups in order to be press-fitted to the ends of tubings. The lids and the tubing are joined together using a tungsten inert gas welder. The welding process is developed in the "cold" area and the parameters determined are transferred to the equipment inside the "hot' area.
Hipping. After the quartz containers have been cleaned with ethanol in an ultrasonic cleaner and dried, the powder mixture is weighed into the containers. Approximately 80 g is loaded in each experiment. The PK-1015 glass paste is then applied to the joints on the quartz For the joining and sealing of quartz containers inside gloveboxes without excessive heat, it containers. The joints are hand twisted against each other to provide a good and uniform seal. The joints are not heat treated after applying the sealant. The sealed quartz container is then placed into a tantalum container that is already welded on the bottom end. procedure has to be developed to avoid blow-out caused by the hot entrapped gas inside the container momentarily before encapsulation is completed. This procedure includes a normal welding program, developed after several trial iterations, for the major fraction of welds, pausing for the welds to cool and to release the gas pressure, and then quickly completing the enclosure.
The reaction mixture inside the double containment system is placed into an ABB model QM-3 hot isostatic press. The package is placed in a tantalum cup before being introduced into the graphite furnace region. The furnace is capable of attaining temperatures up to 2000OC and pressures up to 30,000 psi.
The top end of the container is welded inside a He-inerted glovebox using a TIG welder. A A typical hipping experiment involves 6 program segments, as shown in Figure 1 
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Material characterization. X-ray powder diffraction patterns were taken from each product as well as from the starting mixture. A Debye-Schemr camera with 114.6 mm diameter was used. The sample was placed in a 0.2 mm diameter capillary tube. Due to the presence of high background intensity, it was found necessary to place 2 layers of aluminum foil on the film to reduce the background level. CuKa radiation was used at 35 keV and 25 mA for 8 hours of exposure.
TTT. Results
Materials. The distribution of particle sizes is shown below: The measured tap density of ZrO, is 2.26 S/cm3 and that of SiO,, 1.17 S/cm3. This gives a specific volume of 0.577 cm3/g for a mixture consisting of an equimolar ratio of 250, and SO,. Thus, a container with an internal volume of 45 cm3 can be packed with 78 g of this mixture. Containment. The Ta container was compressed as expected. The welds were intact in all cases. In run hip-1, the top lid had a pin hole where it was pressed against the sharp edge on the quartz lid; the main body preserved its integrity; the inside wall showed discoloration. The metal became brittle and was relatively easy to break apart. In run hip-3, the quartz lid was modified to have smooth a surface, which prevented breaking of the metal. In two of the runs, which were subjected to maximum pressure of 10,000 psi, the metal containers became brittle and broke. It was clear that reactions between the tantalum and the quartz containers had taken place.
The joint in the quartz container held together in one piece. The major part of the container body broke into pieces and separated from the product material. In run hip-1, part of the body stuck to the product and was very difficult to separate; discoloration of quartz was evident. In other runs with higher temperature and pressure, the separation of ccquartz'7 from products was easy.
Product Material. The product was monolithic. In run hip-1, it showed a glassy surface. Several areas had glass bulk material stuck on the surface and could not be removed easily. The interior of the body appeared to be homogeneous. The material was very difficult to break. A masonry chisel and a hammer were used to break it into chunks, A drill bit with a tungsten carbide tip was used to take samples from the interior. In run hip-2, the product showed slight yellow color and did not have the glassy surface. Some of the product from run hip2 was pulverized into powder and hipped (in run hip-3) for 6 more hours. The end product showed gray color.
I
Material Characterization. The results from x-ray powder diffraction are summarized in Tables 1 & 2. Table 1 shows that 30 lines were observed in the starting material, and that almost all lines can be assigned to either monoclinic-ZrO, or SiO, (quartz). Table 2 shows that 39 lines were observed in the product from run hip-1. Out of the 39 lines, 25 are assignable to zircon, 11 are due to monoclinic-ZrO,, and only 3 are due to SiO, (cristobalite). However, the 3 strongest lines are due to ZrO, and SiO? This indicates that zircon begins to form in approximately 2 hours of reaction time, but the reaction is nowhere near completion. The other samples from all products showed almost identical patterns and relative intensities. This indicates that the extent of reaction did not differ significantly for reaction times ranging from 2 to 8 hours.
A more quantitative analysis using x-ray diffractometer with samples that are mixed w i t h standard reference material is necessary. Further product material characterization by chemical, analytical and metallographic techniques are underway.
TV. Conciusions
1) Under the high-temperature and high-pressure conditions employed in this work, hundred-gram batches of ZrO,/SiO, mixture began to react and form zircon in approximately 2 hours, although the reaction is far from complete. Considering the thermodynamic stability of PuO, relative to ZrO,, i.e., PuO, has less negative standard Gibb's free energy of formation than ZrO, , it is expected that the tendency for the formation of Pu-bearing zircon is higher. The result of this preliminary work indicates that it is feasible to fabricate large quantity of Pu-zircon.
However, further developmental work is necessary, 2) This work revealed potential container problems that could be encountered at the developmental stage and suggested practicable solutions. The quartz inner container, the glass sealant, and the tantalum outer container all showed expected behavior. The containment system allowed the reaction mixture to be compressed isostatically. The separation of final products from the container materials was not difficult. The reactions between tantalum, SO,, and ZrO,couId be prevented by providing a sacrificial bamer between the inner and the outer containers. Clearly, further developmental work is needed to establish a safe process for large scale fabrication of Pubearing zircon.
an alternative to high-temperature fusion inside gloveboxes, is an innovative approach that is applicable to other operations in the Plutonium Facility.
3) The process developed for joining quartz parts with the use of a special glass sealant, as The tantalum container after run hip-1. This figure shows that the welds are intact and the body of the container remains in good condition after 2 hours at 1450°C and 4OOO psi.
